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•  Effect  of  carbon  on  palladium  for  formic  acid  oxidation  was  investigated. 

•  New  active  sites  formed  by  the  interaction  of  palladium  and  carbon. 

•  Carbon  materials  decrease  charge  transfer  resistance. 

•  Mechanism  of  formic  acid  oxidation  changed  due  to  the  presence  of  carbon. 
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Effect  of  several  usually  used  carbon  materials  on  Pd  catalyst  for  formic  acid  electrooxidation  reaction  is 
studied  by  physical  characterization  and  electrochemical  measurements.  New  active  sites  are  formed  due 
to  the  Pd  and  carbon  interaction  which  is  confirmed  by  the  XPS  measurements,  and  electrochemical 
impedance  spectroscopy  confirms  that  the  presence  of  the  carbon  material  reduced  the  charge  transfer 
resistance.  Further,  an  improved  fuel  cell  performance  is  observed  when  integrating  the  carbon-modified 
Pd  catalyst  in  to  a  direct  formic  acid  fuel  cell.  The  results  reveal  that  the  carbon  material  is  not  only  used 
as  support,  but  also  involves  the  new  active  sites  formation. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Formic  acid  electrooxidation  has  received  great  attention  due  to 
the  development  of  the  direct  formic  acid  fuel  cells,  which  are  quite 
competitive  in  the  aspect  of  actual  fuel  energy  density  1-3  .It  is 
well  known  that  the  research  on  electrocatalyst  for  formic  acid 
electrooxidation  is  crucial  for  the  development  of  formic  acid  fuel 
cells.  Nowadays,  in  order  to  decrease  the  noble  metal  loading  and 
the  system  cost,  supported  catalyst  has  been  widely  employed  in  the 
fuel  cell  technology  [4,5  .  Generally  speaking,  the  main  pathway  is 
loading  the  noble  metals  (such  as  Pt  or  Pd)  on  the  support  by  elec¬ 
trodeposition  or  chemical  reduction  of  the  precursor  6,7  . 
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The  carbon-supported  catalyst  has  superior  performance  for 
formic  acid  electrooxidation  because  carbon  is  cheap  and  conduc¬ 
tive  support  for  efficient  current  collection  from  the  catalyst  layer. 
Moreover,  the  porous  structure  and  good  electrical  conductivity  of 
carbon  support  can  provide  good  pathway  for  electrons  and  ions 
transfer  during  electrochemical  reactions  [7,8  .  In  addition  to 
electrical  conductivity  and  surface  area,  especially  the  hydropho- 
bicity,  porosity  and  corrosion  resistance  are  more  important  factors 
in  the  choice  of  a  good  catalyst  support.  Based  on  these  consider¬ 
ations,  carbon  is  the  best  catalyst  support  material  for  the  low 
temperature  fuel  cells.  Carbon  black  and  activated  carbon  have 
been  extensively  used  as  catalyst  support  [2,9,10!;  moreover,  a 
number  of  new  carbon  materials  with  various  mesostructures  and 
nanostructures  as  support  have  been  reported  [11—14].  It  can  be 
seen,  a  lot  of  carbon  materials  have  been  used  as  support  to  in¬ 
crease  the  catalytic  performance;  however,  we  didn't  notice  the 
research  about  the  effect  of  carbon  materials  on  Pd  catalyst  for 
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formic  acid  electrooxidation.  Is  the  carbon  only  used  as  support?  Is 
there  any  other  effect  of  carbon  on  the  active  sites  formation  for 
formic  acid  oxidation?  With  these  questions,  we  studied  the  effect 
of  some  typically  used  carbon  materials  on  Pd  catalyst  performance 
for  formic  acid  electrooxidation.  In  order  to  do  the  controllable 
experiments,  we  employ  the  physical  mixed  commercial  Pd  black 
and  carbon  materials  for  the  comparative  study  as  it  can  avoid  the 
effect  of  synthesis  methods,  conditions,  particle  size  and  so  on.  The 
composite  catalysts  were  studied  for  formic  acid  electrooxidation 
by  the  electrochemical  methods  of  cyclic  voltammograms  (CV), 
Linear  sweep  voltammograms  (LSV),  chronoamperometry  (CA), 
electrochemical  impedance  spectroscopy  (EIS)  as  well  as  tested  in  a 
direct  formic  acid  fuel  cell,  and  the  results  displayed  that  both  the 
catalytic  activity  and  the  stability  of  Pd  catalyst  for  formic  acid 
electrooxidation  were  enhanced  after  adding  the  carbon  material, 
and  the  mechanism  for  the  formic  acid  electrooxidation  was 
changed  due  to  the  newly  formed  active  sites.  Because  there  are  no 
obvious  changes  on  the  Pd  particle  size,  the  promotion  effect 
should  be  attributed  to  the  newly  formed  active  sites  originating 
from  the  interaction  of  Pd  and  carbon. 

2.  Experimental 

2.1.  Materials  and  reagents 

The  commercial  Pd  black  (520810-5G,  50  m2  g_1)  and  formic 
acid  (>95%,  F0507-1L)  were  purchased  from  Aldrich  Chemical  Co. 
(USA).  The  Vulcan  carbon  powder  XC-72  (XC)  and  black  pearls  2000 
(BP)  were  purchased  from  Cabot  Co.  (USA).  Acetylene  carbon  black 
(>99.9%,  50%  compressed,  ACB)  was  purchased  from  J  &  K  Tech¬ 
nology  Co.,  Ltd.  (China).  Multi-walled  carbon  nanotubes  (>97%, 
5-15  pm  in  length,  MWCNT)  was  purchased  from  Shenzhen 
Nanotech  Port  Co.,  Ltd.,  (China).  Nation  solution  (5%)  was  purchased 
from  Dupont  Co.  (USA).  The  sulfuric  acid  (>95%)  and  ethanol 
(>99.7%)  was  purchased  from  Beijing  Chemical  Co.  (China).  All  the 
chemicals  were  of  analytical  grade  and  used  as  received  without 
any  purification.  Ultrapure  water  (resistivity:  p  >  18  MQ  cm'1)  was 
used  to  prepare  the  solutions. 

2.2.  Working  electrode  preparation 

5  mg  commercial  Pd  black  and  20  mg  MWCNT  were  ground  into 
fine  powders  using  a  mortar  and  pestle  with  30  min.  After  that,  the 
solid  mixture  was  added  into  the  solution  of  4750  pL  ethanol  and 
250  pL  Nation  ionomer,  followed  by  ultrasonically  to  form  a  uni¬ 
form  catalyst  ink,  it  was  denoted  as  Pd-MWCNT.  The  catalyst  inks 
for  Pd-ACB,  Pd-BP  and  Pd-XC  were  prepared  using  the  same 
procedure  to  that  of  Pd-MWCNT  except  that  MWCNT  was 
substituted  by  ACB,  BP  and  XC.  The  preparation  method  of  the 
catalyst  for  commercial  Pd  black  without  adding  any  carbon  ma¬ 
terial  was  the  same  to  above  method. 

The  glassy  carbon  electrode  with  4  mm  diameter  was  used  as 
working  electrode,  and  polished  with  alumina  slurry  of  0.5  and 
0.03  pm  successively.  5  pL  of  the  as-prepared  catalyst  ink  was 
pipetted  and  dropped  on  a  mirror-finished  glassy  carbon  electrode, 
and  then  it  was  dried  at  room  temperature  for  30  min.  A  Pt  foil  was 
used  as  the  counter  reference  electrode  and  a  saturated  calomel 
electrode  (Hg/HgCE,  SCE)  was  used  as  reference  electrode.  All  po¬ 
tentials  were  referenced  to  SCE. 

2.3.  Electrochemical  measurements 

All  the  electrochemical  measurements  were  performed  with  an 
EG  &  G  PARC  potentiostat/galvanostat  (Model  273 A  Princeton 
Applied  Research  Co.,  USA)  and  a  conventional  three-compartment 


E/mV  (vs.  SCE) 

Fig.  1.  CV  curves  of  different  catalysts  in  0.5  M  H2S04  solution. 

electrochemical  cell.  All  electrochemical  measurements  were  car¬ 
ried  out  in  a  0.5  M  H2SO4  solution  with  or  without  0.5  M  HCOOH 
deaerated  by  pure  N2  for  at  least  20  min  prior  to  any  measurements. 
For  the  electrooxidation  of  formic  acid,  the  scan  potential  range  was 
from  -200  mV  to  1000  mV.  The  CO  stripping  voltammograms  were 
measured  in  a  0.5  M  H2SO4  solution,  CO  was  purged  into  the  0.5  M 
H2SO4  solution  for  15  min  to  allow  the  complete  adsorption  of  CO 
onto  the  catalyst  when  the  potential  of  working  electrode  was  kept 
at  200  mV,  and  excess  CO  in  the  electrolyte  was  purged  out  with  N2 
for  30  min.  All  scanning  rates  were  50  mV  s-1  and  the  measure¬ 
ments  were  carried  out  at  room  temperature,  and  the  stable  results 
were  recorded.  The  EIS  was  recorded  at  the  frequency  range  from 
100  kHz  to  0.1  Hz  with  10  points  per  decade.  The  amplitude  of  the 
sinusoidal  potential  signal  was  5  mV.  The  obtained  impedance  data 
were  analyzed  and  fitted  with  ZsimpWin  computer  program. 

2.4.  Physical  characterization 

The  size  and  morphology  of  the  catalyst  particles  were 
measured  by  transmission  electron  microscope  (TEM)  operating  at 
200  kV  (Philips  TECNAI  G2),  the  chemical  valence  of  Pd  was  tested 
by  X-ray  photoelectron  spectroscopy  (XPS)  measurements  with  Al 
Ka  radiation  source  (Kratos  XSAM-800  spectrometer)  and  The  Pd  3d 
signals  were  collected  and  analyzed  with  deconvolution  of  the 
spectra  using  XPS  Peak  software. 


E/mV  vs.  SCE 

Fig.  2.  The  CO  stripping  curves  of  different  catalysts  in  0.5  M  H2S04  solution. 
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E/mV  (vs.  SCE) 

Fig.  3.  LSV  curves  of  different  catalysts  in  0.5  M  H2S04  solution  containing  0.5  M 
HCOOH. 


2.5.  Membrane  electrode  assembly  preparation 

Nafion  117  (DuPont)  was  used  as  the  proton  exchange  mem¬ 
branes  and  the  pre-treatment  of  the  Nafion  membrane  was 
accomplished  by  successively  treating  it  in  a  5  wt.%  H2O2  solution  at 
80  °C,  distilled  water  at  80  °C,  8  wt.%  H2SO4  solution  at  80  °C  and 
then  in  distilled  water  at  80  °C  again,  for  30  min  each  step.  Prior  to 
the  fabrication  of  hot-pressed  Membrane  electrode  assemblies 
(MEA)  and  catalyst-coated  membrane,  a  carbon  cloth  was  used  as 
Gas  diffusion  layer  for  current  collector  and  it  also  assists  in  water 
management. 

MEA  with  a  3  *  3  cm2  active  cell  area  was  fabricated  using  a 
‘direct  paint’  technique  applied  to  the  catalyst  layer.  Pt  black 
(27  m2  g”1,  Johnson  Matthey,  USA)  were  used  as  catalyst  in  the 
cathode.  The  catalyst  ink  mixed  by  the  catalyst,  ultrapure  water, 
isopropyl  alcohol  and  5  wt.%  Nafion  ionomer  solution  was  sprayed 
onto  the  diffusion  layer  to  fabricate  the  catalyst  layers.  Anode 
‘catalyst  inks’  were  directly  painted  onto  either  side  of  a  Nafion® 
117  membrane.  For  all  MEAs  in  this  study,  the  cathode  consisted  of 
unsupported  platinum  black  nanoparticles  at  a  standard  loading  of 
4  mg  cm-2  and  the  anode  catalyst  loading  of  the  Pd  was  2  mg  cm-2. 
The  anode  consisted  of  Pd  black  or  Pd-C  catalysts.  A  carbon  cloth 
diffusion  layer  (E-TeK)  was  placed  on  top  of  both  the  cathode  and 
anode  catalyst  layers.  Both  sides  of  the  cathode  carbon  cloth  were 
Teflon®  coated  for  water  management.  A  single  cell  test  fixture 
consisted  of  machined  graphite  flow  fields  with  direct  liquid  feeds 
and  gold  plated  copper  plates  to  avoid  corrosion  (Fuel  Cell  Tech¬ 
nologies  Inc.).  Hot-pressing  was  conducted  at  140  °C  and  10  MPa  for 
90  s. 

2.6.  Single  cell  assembly  and  measurement 

Five  different  anode  catalysts  were  investigated  in  this  study:  (I) 
18  mg  commercial  Pd  black,  (II)  18  mg  Pd  black  and  72  mg  acetylene 
carbon  black,  (III)  18  mg  Pd  black  and  72  mg  multi- walled  carbon 


t/s 


Fig.  4.  CA  curves  of  different  catalysts  in  0.5  M  H2SO4  solution  containing  0.5  M 
HCOOH  at  0.2  V  for  7200  s,  inset  is  the  steady  CA  curves  between  7000  and  7200  s. 

nanotubes,  (IV)  18  mg  Pd  black  and  72  mg  black  pearls  2000.  (V) 
18  mg  Pd  black  and  72  mg  Vulcan  carbon  powder  XC-72. 

The  MEA  was  fitted  between  two  stainless  steel  plates  in  a 
punctual  flow  bed.  The  polarization  curves  were  obtained  using  a 
Fuel  Cell  Test  System  (Arbin  Instrument  Corp.)  under  the  operation 
conditions  of  60  °C.  High  purity  O2  (99.99%)  is  applied  as  the 
oxidant  at  500  mL  min-1  as  the  cathode  atmosphere  and  3  M  for¬ 
mic  acid  as  the  reactant  feed  on  the  anode  side  at  200  mL  min”1. 
Both  two  sides  are  under  ambient  pressure. 

3.  Results  and  discussion 

3.1.  Electrochemical  analysis 

Fig.  1  shows  the  CVs  of  different  catalysts  in  0.5  M  H2SO4  solu¬ 
tion.  It  is  evident  that  all  catalysts  showed  well  defined  hydrogen 
adsorption/desorption  (Had)  peaks  and  the  redox  peaks  of  Pd.  All 
these  features  are  typical  for  Pd  in  H2SO4  solution  and  agree  well 
with  the  reported  data  in  the  literature  [15,16  .  Obviously,  after 
adding  the  carbon  material  into  the  Pd  black,  the  peak  area  for 
hydrogen  oxidation  was  decreased,  it  could  be  due  to  the  coverage 
up  of  the  active  sites  by  carbon  material  partly.  Moreover,  it  can  be 
seen  that  the  peak  area  for  the  hydrogen  desorption  of  the  Pd  black 
with  different  carbon  materials  was  close,  but  lower  than  that  of 
the  pure  Pd  black  except  for  the  MWCNT  one. 

The  peak  potential  of  the  adsorbed  CO  is  commonly  used  as  a 
tool  to  compare  the  anti-poisoning  ability.  Fig.  2  shows  the  CO 
stripping  curves  for  different  catalysts  in  0.5  M  H2SO4  solution. 
Typically,  the  peak  potential  of  COad  oxidation  for  Pd-MWCNT 
catalyst  is  ca.  682.44  mV,  which  is  shifted  about  55  mV  to  a  lower 
potential  than  Pd  black  catalyst  (ca.  737.60  mV).  The  peak  potential 
of  COad  oxidation  for  Pd-ACB,  Pd-BP  and  Pd-XC  is  722.53,  704.41 
and  694.56  mV,  respectively.  It  is  evident  that  the  oxidation  peak 
potential  for  COad  oxidation  of  all  Pd-C  catalysts  is  shifted 


Table  1 

The  peak  current  density  and  the  corresponding  peak  potential  for  formic  acid  electrooxidation  of  the  different  catalysts  in  0.5  M  H2SO4  solution  containing  0.5  M  HCOOH. 


Sample 

Pd  black 

Pd-ACB 

Pd-MWCNT 

Pd-BP 

Pd-XC 

Peak  1 

Peak  1 

Peak  2 

Peak  1 

Peak  2 

Peak  1 

Peak  2 

Peak  1 

Peak  2 

Peak  current  density  (mA  mg-1Pd) 

247.9 

256.8 

259.0 

419.6 

491.0 

288.8 

304.1 

392.9 

333.9 

Peak  potential  (mV) 

269.7 

109.8 

217.8 

129.7 

251.8 

112.9 

259.8 

104.9 

217.8 
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negatively  compared  to  Pd  black,  indicating  that  addition  of  carbon 
is  helpful  for  weakening  the  adsorption  strength  of  CO  on  Pd. 

Fig.  3  shows  the  CV  curves  for  different  catalysts  in  0.5  M  H2SO4 
solution  containing  0.5  M  HCOOH.  It  can  be  observed  that  the  peak 
current  density  of  pure  Pd  black  electrode  is  247.9  mA  mg_1Pd  and 
the  corresponding  potential  locates  at  ca.  269.7  mV.  However, 
when  the  carbon  material  is  added  into  the  Pd  black,  it  is  interesting 
that  two  obvious  peaks  for  formic  acid  oxidation  were  observed. 
One  peak  (named  Peak  1)  is  very  close  to  that  of  pure  Pd  black,  it 
could  be  attributed  to  the  role  of  intrinsic  active  sites  similar  to  the 
Pd  black;  the  other  peak  (named  peak  2)  is  more  negative  than  the 
peak  of  pure  Pd  black,  it  could  be  attributed  to  the  role  of  new  active 
sites  produced  by  the  interaction  between  the  Pd  and  carbon  ma¬ 
terials.  It  should  be  pointed  out  that  Peak  2  for  Pd  black  may  be 
present  but  it  is  not  obvious;  hence  we  didn't  discuss  it  here.  It  can 
be  seen  from  Fig.  3  that  the  Peak  1  for  all  carbon  modified  Pd  black 
catalyst  was  negatively  shifted  compared  with  the  pure  Pd  black 
catalyst,  which  indicated  that  formic  acid  oxidation  reaction 
became  much  easier.  Moreover,  the  peak  potential  (ca.  0.1  V)  of 
peak  2  formed  by  the  new  active  sites  is  ca.  150  mV  which  is  more 
negative  compared  with  the  main  Peak  1  formed  by  Pd  intrinsic 
active  sites  indicating  that  the  newly  formed  active  sites  are  much 
active  than  the  intrinsic  active  sites.  This  is  consistent  with  the 
literature  in  which  for  the  carbon  supported  Pd  catalyst  prepared 


Time/  Hour 

Fig.  5.  Steady-state  polarization,  power-density  curves  (a)  and  discharge  curves  at 
0.35  V  (b)  of  the  DFAFCs  using  Pd  black,  Pd-ACB,  Pd-MWCNT,  PD-BP  and  Pd-XC 
catalyst  as  anodes  with  formic  acid  (3  M)  at  60  °C.  The  flow  rate  of  formic  acid  was 
200  mL  min  1  and  the  flow  rate  of  02  was  500  mL  min-1. 


with  other  methods,  the  peak  potential  of  formic  acid  oxidation  is 
also  negatively  shifted  compared  with  that  for  pure  Pd  black 
catalyst  [17,18].  Compared  with  the  Pd/C  catalysts  prepared  by 
chemical  method  [17,18],  usually  only  one  peak  is  observed 
resulting  from  the  more  active  sites  formed  by  the  interaction  be¬ 
tween  Pd  and  carbon  material  15,19,20]  and  the  potential  is  around 
0.2  V  which  may  be  the  compromise  of  the  two  peaks  observed 
here.  The  peak  current  density  and  the  corresponding  peak  po¬ 
tential  for  formic  acid  electrooxidation  of  the  studied  catalysts  are 
listed  in  Fable  1.  It  is  evident  that  the  carbon  modified  Pd  black 
catalyst  showed  enhanced  activity  for  formic  acid  oxidation;  for 
example,  Pd-MWCNT  catalyst  has  the  largest  peak  current  density 
(491.0  mA  mg-1pd),  and  most  negative  peak  potentials  (Peak  1  at 
251.8  mV  and  peak  2  at  125.2  mV).  Besides,  the  current  density  of 
Peak  1  for  all  Pd  black  catalyst  modified  by  carbon  is  much  larger 
than  that  of  pure  Pd  black  should  be  due  to  the  improvement  of  the 
dispersion  for  Pd  nanoparticles  and  good  conductivity;  for  the 
obvious  Peak  2  observed  for  all  the  Pd  black  catalyst  modified  by 
carbon  should  be  attributed  to  the  newly  produced  active  sites  from 
the  interaction  of  Pd  and  carbon. 


Fig.  6.  EIS  for  different  catalysts  modified  electrode  in  0.5  M  H2SO4  solution  containing 
0.5  M  HCOOH  at  0.2  V.  (a)  impedance  patterns  before  7200  s  CA  test  and  (b)  impedance 
patterns  after  7200  s  CA  test  (solid  pink  lines  are  fitting  curves);  (c)  represent  the 
equivalent  circuit.  (For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 
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Table  2 

EIS  fitting  parameters  from  equivalent  circuits  for  different  catalyst  samples. 


Sample 

Error  range 

Pd  black 

Pd-ACB 

Pd-MWCNT 

Pd-BP 

Pd-XC 

Before  CA 

Rs  (Q  cur2) 

±0.001 

5.977 

5.732 

5.867 

5.580 

5.238 

CPE,  Y0  (S  s~n  cm’2) 

±0.1  E-6 

150.0E-6 

246.7E-6 

342.0E-6 

276.2E-6 

171.6E-6 

n  (0  <  n  <  1) 

±0.0002 

1 

0.8799 

0.7526 

0.8772 

0.8080 

RCt  (£3  cm  2) 

±0.1 

229.2 

205.0 

150.8 

320.8 

218.3 

C0  (F  cm  2) 

±0.02E-5 

2.10E-5 

74.3  IE-5 

255.1E-5 

73.61 E-5 

39.67E-5 

R0  (Q  cm-2) 

±0.2 

428.5 

123.9 

23.4 

280.5 

143.1 

Chi  squared 

— 

9.098E-3 

6.008E-3 

3.080E-3 

8.425E-3 

3.938E-3 

After  CA 

Rs  (Q  cm'2) 

±0.001 

6.588 

5.936 

5.923 

5.615 

6.076 

CPE,  Y0  (S  s'n  cm  2) 

±0.1  E-6 

36.6E-6 

154.6E-6 

278.4E-6 

184.4E-6 

173.6E-6 

n  (0  <  n  <  1) 

±0.0002 

0.9824 

0.8675 

0.7319 

0.8686 

0.8045 

RCt  (H  cm  2) 

±0.01 

574.40 

461.00 

223.52 

408.30 

408.40 

Co  (F  cm-2) 

±0.02E-5 

1.19E-5 

450.1  OE-5 

463.90E-5 

284.8E-5 

715.3E-5 

R0  (Q  cm'2) 

±0.2 

1386.0 

355.5 

72.1 

402.4 

252.3 

Chi  squared 

— 

6.381  E-3 

5.357E-3 

6.562E-3 

7.931  E-3 

1.121E-3 

The  stability  of  the  catalyst  for  formic  acid  oxidation  was  studied 
by  CA  and  shown  in  Fig.  4.  It  is  evident  that  the  stability  of  the 
carbon  modified  Pd  black  catalyst  is  largely  improved.  For  example, 
according  to  the  inset  in  Fig.  4,  the  stable  current  density  of 
Pd-MWCNT  electrode  (64.3  mA  mg_1Pd)  is  4.0  times  larger  than 
that  of  pure  Pd  black  electrode  (12.8  mA  mg_1Pd);  and  the  current  of 
the  Pd-XC  (47.3  mA  mg_1Pd),  Pd-BP  (36.4  mA  mg_1Pd)  and  the 
Pd-ACB  electrode  (24.2  mA  mg-1Pd)  is  ca.  2.7,  1.8  and  0.9  times 
larger  than  that  of  pure  Pd  black  electrode.  On  the  other  hand,  only 
7.1%  of  the  initial  current  density  (take  the  current  of  10  s)  at  the 
pure  Pd  black  catalyst  remained  after  7200  s,  while  it  is  22.3%, 
20.5%,  17.8%  and  13.8%  for  Pd-MWCNT,  Pd-XC,  Pd-BP  Pd-ACB 
catalyst  respectively,  confirming  a  better  electrocatalytic  stability 
according  to  the  references  [21,22  .  This  result  indicated  an 
improved  catalytic  stability  with  the  presence  of  carbon. 

In  order  to  further  evaluate  the  performances  of  carbon- 
modified  Pd  catalyst  as  anode  catalyst  in  a  real  fuel  cell  operation, 
the  five  different  catalysts  were  integrated  into  the  anode  of  a 
homemade  direct  formic  acid  fuel  cell.  The  steady-state 


polarization,  power-density  curves  and  discharge  curves  of  the 
studied  catalysts  were  compared  in  Fig.  5.  It  can  be  seen  from 
Fig.  5(a)  that  the  maximum  power  density  of  Pd  black,  Pd-ACB, 
Pd-MWCNT,  Pd-BP  and  PD-XC  is  92.8,  106.2,  120.1,  142.14  and 
163.6  mW  cm-2,  respectively.  Compared  with  the  Pd  black,  Pd 
catalyst  modified  by  carbon  really  increased  the  activity.  Moreover, 
it  can  be  seen  from  Fig.  5(b)  that  the  discharge  stability  of  all  the 
modified  Pd  catalysts  is  largely  improved  compared  with  Pd  black 
catalyst  at  0.35  V.  The  above  results  are  consistent  with  those  re¬ 
sults  obtained  from  the  CV  and  CA  tests.  Flowever,  it  should  be 
pointed  out  that  the  performance  improvements  was  also  limited 
due  to  the  increased  thickness  of  MEA  by  the  addition  of  carbon 
material  which  could  affect  the  mass  transfer  during  formic  acid 
oxidation  process. 

EIS  is  a  powerful  technique  to  characterize  the  electrode  surface 
which  has  been  widely  employed  to  study  the  kinetics  of  electro¬ 
chemical  reaction  [23,24]  and  was  used  to  reveal  the  mechanism  of 
electrooxidation  of  formic  acid  in  the  present  work.  Generally,  a 
semicircle  appeared  in  the  intermediate  frequency  region 


Fig.  7.  TEM  image  for  Pd  black,  inset  is  HRTEM  images  (a),  Pd-ACB  (b),  Pd-MWCNT  (c),  Pd-BP  (d),  Pd-XC  (e)  and  HRTEM  image  for  Pd-MWCNT  (f). 
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corresponds  to  the  charge  transfer  resistance.  Here,  in  order  to 
know  the  changes  of  the  catalyst,  the  impedance  was  done  at  0.2  V 
before  and  after  the  CA  tests  as  shown  in  Fig.  6(a)  and  (b).  It  is 
interesting  that  when  the  carbon  material  added  into  the  Pd  black  a 
different  impedance  behavior  is  observed;  namely,  there  is  only 
one  arc  in  the  1st  quadrant  for  pure  Pd  black  electrode,  while  there 
are  two-stage  arc  for  Pd-ACB,  Pd-BP,  Pd-XC  and  Pd-MWCNT 
electrode  which  may  be  explained  by  the  two  different  active  sites. 
For  pure  Pd  black  electrode,  the  impedance  data  in  Nyquist  plot 
shows  a  clockwise  mode  as  the  applied  frequency  decreases.  Such  a 
kind  of  EIS  pattern  is  commonly  observed  [25,26  .  Fig.  6(c)  repre¬ 
sents  the  equivalent  circuit  for  different  impedances  and  the  cor¬ 
responding  fitting  parameters  were  listed  in  fable  2.  The  fitting 
curves  (solid  pink  lines)  (in  the  web  version)  for  the  electrodes 
were  shown  in  the  Nyquist  plot  in  Fig.  6(a)  and  (b),  all  of  which 
agree  well  with  the  experimental  data.  Here,  Rs  represents  the  so¬ 
lution  resistance,  Rcy  represents  the  charge  transfer  resistance,  CPE 
(constant-phase  element)  is  the  double  layer  capacitance,  C0  and  Ro 
represent  the  capacitance  and  resistance  of  the  electrooxidation  of 
adsorbed  intermediates  [27].  It  can  be  seen  from  Table  2  that  the 
Rcy  derived  from  the  carbon  modified  Pd  black  electrode  is 
remarkably  smaller  than  that  of  the  Pd  black  electrode.  Since  charge 
transfer  resistance  is  one  of  the  main  parameters  to  evaluate  the 
inherent  rate  of  the  charge  transfer  step  of  an  electrode  reaction, 
the  smaller  Rcy  indicates  that  the  electron-transfer  kinetics  for 
formic  acid  oxidation  at  the  carbon  modified  Pd  black  electrode  is 
much  fast  than  the  Pd  black  electrode.  Furthermore,  it  can  be  seen 
that  after  the  CA  test,  the  Rcy  and  Ro  were  increased  compared  with 
those  before  CA  test.  This  was  caused  by  the  intermediate  products 
adsorbed  on  the  catalyst  surface.  It  also  can  be  seen  from  Table  2 
that  C0  derived  from  Pd-ACB,  Pd-MWCNT,  Pd-BP  and  Pd-XC  is 
remarkably  larger  than  pure  Pd  black  electrode,  while  Ro  derived 
from  carbon  modified  Pd  black  electrode  is  remarkably  smaller 
than  that  of  Pd  black  electrode,  indicating  that  intermediates  was 
easily  oxidized  after  adding  carbon  material  into  the  pure  Pd  black, 
which  is  consistent  with  the  CV  results  that  more  formic  acid  was 
oxidized.  According  to  Brug  and  Hirschorn's  work  [28-30  ,  the 
impedance  associated  with  a  simple  Faradaic  reaction  without 
diffusion  can  be  expressed  in  terms  of  a  CPE  as 


R  I  ^ct 
s  1  +  (jojfORcr 


The  CPE  parameters  n  and  Q  are  independent  of  frequency. 
When  n  =  1,  Q.  has  units  of  a  capacitance,  i.e.,  pF  cm-2,  and  repre¬ 
sents  the  capacity  of  the  interface.  When  n  <  1,  the  system  shows 
behavior  that  has  been  attributed  to  surface  heterogeneity  or  to 
continuously  distributed  time  constants  for  charge-transfer  re¬ 
actions  [31-33  .  That  means,  for  the  pure  Pd  black  electrode,  there 
was  only  one  time  constant,  while  there  was  two  time  constants  on 
Pd-ACB,  Pd-MWCNT,  Pd-BP  and  Pd-XC  catalyst  or  the  surface 
heterogeneity  was  enhanced.  By  comparing  the  simulated  results 
among  various  catalysts,  larger  CPE  and  smaller  n  values  were 
found  for  the  carbon  modified  Pd  black  electrode,  corresponding  to 
highly  available  surface  area  for  electrochemical  reactions  and  the 
diffusion  of  ions  on  the  surface  is  easy. 


3.2.  Physical  characterization 

The  TEM  micrographs  for  different  catalysts  are  presented  in 
Fig.  7.  Fig.  7(a)  shows  a  typical  micrograph  of  commercial  Pd  black, 
and  the  inset  was  a  HRTEM  micrograph  for  Pd  black.  The  particle 
size  of  Pd  black  was  approximately  10  nm,  which  is  consistent  with 
previous  study  [2]  Fig.  7(b)— (e)  were  TEM  micrographs  for  Pd-ACB, 
Pd-MWCNT,  Pd-BP  and  Pd-XC,  the  corresponding  average 


particle  size  of  Pd  was  around  10  nm.  It's  obvious  that  the  particle 
size  of  Pd  on  different  carbon  substrates  was  similar  to  that  of  pure 
Pd  black.  Hence,  the  enhanced  electrocatalytic  activity  and  stability 
cannot  be  attributed  to  the  effect  of  Pd  particle  size. 

The  electronic  structure  change  of  Pd  for  all  the  catalysts  was 
determined  by  XPS.  As  shown  in  Fig.  8,  the  Pd  3d  peaks  of  each 
sample  were  deconvolved  into  two  components,  that  is,  3d3/2  and 
3d5/2.  The  binding  energy  of  Pd  3d  for  each  catalyst  is  listed  in 
Table  3.  It  was  found  that  the  binding  energy  of  all  the  Pd  in  Pd/C 
catalyst  was  shifted  to  the  higher  energy  compared  with  pure  Pd 
black  catalyst  due  to  the  addition  of  carbon  materials  which  in¬ 
dicates  that  there  is  a  strong  interaction  between  Pd  and  carbon 
supports. 

Here,  it  can  be  said  that  the  carbon  materials  really  affect  the 
performances  of  Pd  catalysts  for  formic  acid  oxidation.  From  the 
TEM  results,  due  to  the  similar  particle  sizes,  the  role  of  particle  size 
effect  can  be  excluded.  Based  on  the  previous  reports,  the  metal- 
support  interaction  played  a  key  role  in  determining  the  catalytic 
performances  [34,35].  This  interaction  modified  the  electronic  and 
catalytic  properties  of  metal  nanoparticles  and  led  to  the  activation 
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Fig.  8.  XPS  spectra  of  Pd  3d  for  Pd  black  (a),  Pd-ACB  (b),  Pd-BP  (c),  Pd-XC  (d)  and 
Pd-MWCNT  (e)  catalysts. 
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Table  3 

Contents  of  different  Pd  valence  states  from  the  fitting  curves  of  Pd  3d  XPS  spectra. 


Catalyst  samples 

Binding  energy  of  Pd  (eV) 

3d5/2 

3d3/2 

Valence  state 

(0) 

(II) 

(0) 

(II) 

Pd  black 

334.82 

335.43 

340.21 

341.13 

Pd-ACB 

335.65 

336.53 

340.94 

344.79 

Pd-BP 

335.60 

336.67 

340.89 

343.24 

Pd-XC 

335.83 

337.77 

341.09 

342.95 

Pd-MWCNT 

336.00 

336.99 

341.40 

343.65 

of  the  dispersed  metal  for  the  electrode  processes.  The  positive  shift 
in  binding  energy  for  different  carbon  materials  added  into  pure  Pd 
black  catalyst  indicated  a  changed  electronic  structure  and  density 
of  the  state  of  Pd  nanoparticles.  Zhou  et  al.  [36]  observed  that  the 
Pd  nanoparticles  with  higher  binding  energy  displayed  an 
increased  activity  for  the  formic  acid  electrooxidation.  They 
attributed  this  observation  to  decreased  adsorption  energy  of  the 
formate  intermediate,  which  intrinsically  enhances  the  rate  of  the 
formic  acid  electrooxidation  through  the  direct  pathway.  Thus,  the 
strong  interaction  between  the  Pd  and  carbon  promoted  the  for¬ 
mation  of  new  active  sites,  which  increase  the  activity  for  formic 
acid  oxidation.  Thus,  we  can  conclude  that  the  carbon  material 
cannot  only  provide  support  for  the  noble  metal  nanoparticles,  but 
possess  an  effect  of  co-catalytic/synergetic  catalytic  effect  even 
though  carbon  material  alone  has  almost  no  catalytic  activity  for 
formic  acid  electrooxidation. 

4.  Conclusion 

The  carbon  material  added  into  the  pure  Pd  black  played  an 
important  role  for  formic  acid  electrooxidation.  Two  formic  acid 
oxidation  peaks  were  observed  after  adding  the  carbon  material  to 
Pd  catalyst  which  can  be  attributed  to  the  role  of  the  intrinsic  Pd 
active  sites  and  the  new  active  sites  from  the  Pd  and  C  interaction. 
EIS  confirmed  that  the  presence  of  the  carbon  material  reduced  the 
charge  transfer  resistance  and  the  resistance  of  intermediate 
oxidation,  and  an  improved  performance  for  fuel  cell  test  with  the 
carbon-modified  Pd  catalyst  was  also  observed.  Due  to  the  similar 
particle  size,  the  change  of  the  performances  could  be  attributed  to 
the  interaction  between  Pd  and  carbon  as  confirmed  by  the  TEM 
and  XPS  characterization.  The  results  are  helpful  in  understanding 
the  effect  of  carbon  support  in  the  Pd/C  catalyst  and  reaction 
mechanism  of  formic  acid  electrooxidation  on  the  Pd/C  catalyst. 
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